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Abstract 
The paper utilizes obtained experimentally indicator diagrams to determine the polytrophic equation exponents of the processes 
that occur during the diesel working cycle. The algorithm for calculating the angle of the start and end of the combustion process 
was proposed, along with the values of these exponents. The effect of the change of the position of the ݌ െ ݒ diagram relative to 
TDC on the exponent values was investigated. The engine operated under stationary conditions. 
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1. Introduction 
Obtained experimentally ݌ െ ݒ  diagrams of the engine working cycle should be, for the purpose of further 
analysis, presented in the form of smooth continuous functions. This can be done using for example the 
computational intelligence methods [1, 2] or spline functions method [3]. This approach allows an analysis of 
various engine cycle descriptors used in further thermodynamic analyses, e.g., determining heat release 
characteristics during combustion, noise emissions or engine performance control. During the analysis of a ݌ െ ݒ 
diagram using spline functions, we often assume that the phase of compression and expansion of the working fluid 
can be described using the polytrophic process equation. This assumption is right when the analysis is conducted in 
the thermodynamically closed system and at the unchanged amount of the working fluid. For this reason, the 
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consideration presented in this paper is limited to the interval between the moment the inlet valve closes to the 
moment the exhaust valve opens. The tests carried out on the engine test stand helped determine the exponent in the 
polytrophic process equation. The paper presents the results of the investigation of the influence of the ݌ െ ݒ 
diagram position relative to TDC (top dead center) on the variation in the value of the computed exponent. The 
engine operated under different stationary conditions and was fuelled with mineral fuel or biofuel. 
2. Object of study 
The experimental study was carried out on a three-cylinder Perkins AD3.152 UR diesel engine. The engine was 
coupled with a 132 kW dynamometer [4]. The engine specification has been given in [4, 5]. The data recorded 
during the experiment included cylinder pressure and fuel delivery pressure as a function of the crankshaft rotation 
angle, along with the injector needle lift. The pressure in the combustion chamber was measured using a single-axis 
transducer with a water-cooled piezoelectric sensor AVL Q34D. The transducer was mounted in the cylinder head. 
The pressure in the injection pipe near the injector was measured using a CL 31 ZEPWN Marki transducer. 
Electrical charges generated in the piezoelectric sensors were sent to a CL 111 ZEPWM Marki charge amplifier. 
The signals were transferred to a 12-bit analog-digital transducer KPCI-3110, manufactured by Keithley Instruments 
Inc., to save the measured values in the memory of a computer. Detailed specifications of the measurement path 
have been given in [4]. The measured values were recorded as a function of the crank angle with Δα = 1.4° CAD 
resolution, which helped record 512 measurement points for each working cycle of the engine. Fifty full cycles were 
recorded for each engine operation conditions [4]. This paper analyses the measurement results obtained for the 
engine operating at part load and full load conditions. The rotational speed of the crankshaft of the engine operating 
at full load conditions changed from 1000 to 2000 rpm. In the latter case, the speed was 1600 rpm and the load was 
changed from 8 to 20 kW. The engine was supplied with mineral fuel (diesel) and bio-fuel FAME (fatty acid methyl 
esters of rapeseed oil). 
3. Selected results of the experimental study 
Fig. 1a shows the pressure versus volume trace for the diesel fuelled engine operating at full load and a speed of 
n = 1600 rpm. 
a)   b)  
Fig. 1. a) Indicator diagram Ǧ , b) indicator diagram ሺ݌ҧሻ ǡ ሺݒҧሻ, for the diesel-fuelled engine operating at full load, 
n = 1600 rpm (crank angle range 180° to 540°). 
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The diagram was prepared using averaged values of pressure measured in the combustion chamber for crank 
angles corresponding to the compression and expansion strokes, that is, from 180° to 540°. The review of the 
literature [6] indicates that the compression curve model is assumed to have the form: 
݌௖ߴ௠ೣ ൌ ܿ݋݊ݏݐ ൌ ܣ   (1) 
where the compression curve exponent can be described using the polynomial: 
݉௫ ൌ ݉଴ ൅ ݉ଵܵ௫ ൅ ڮ൅݉௔ܵ௫௔  (2) 
and ܵ௫ - dimensionless distance traveled by the piston. 
Coefficients: ݉଴ǡ݉ଵǡ ǥ Ǥ݉௔  are determined through the approximation of pressure in the range for which 
compression occurs. For degree a = 0, the model becomes a polytrophic model. Variables ݌௖ and ݒ in (1) can be 
reduced to dimensionless quantities as follows: ݌ҧ ൌ ௣೎௣೚ and ݒҧ ൌ
௩
௩బ
 . Dimensionless pressure ݌ҧ can be determined as 
pressure ݌௖  in the combustion chamber referred to the ambient pressure ݌଴ . Dimensionless volume of the 
combustion chamber ݒҧ  can be determined as an instantaneous volume of the cylinder closed with a piston, ݒ , 
referred to the combustion chamber volume ݒ଴. After logarithmic transformation and putting the result in some 
order, we obtain a linear equation [4]: 
݈݋݃ሺ݌ҧሻ ൌ െ݉௫ ݈݋݃ሺݒҧሻ ൅ ܤ   (3) 
in which parameter B = log(A) is constant. Equation (2) was used to calculate the polytrophic exponent for both 
compression and expansion. The indicator diagram for compression and expansion strokes in logarithmic 
coordinates is shown in Fig. 1b. Determining the value of exponent ୶ consists of representing the measurement 
data (earlier reduced to dimensionless quantities) in a system of logarithmic coordinates and then finding the slope 
of the straight line described by equation (2), using the linear regression function. For the compression process, the 
regression should be conducted starting from the crank angle corresponding to the moment the inlet valve closes and 
ending when the combustion process starts, ן୮ୱ . For the expansion process: starting from the crank angle 
corresponding to the end of the combustion process ן୩ୱ to that corresponding to the opening of the exhaust valve. 
The values of angles of valve opening and closing are known. The problem is to determine the crank angles 
corresponding to the start ן୮ୱ  and end ן୩ୱ  of the combustion process. The intuitive approach consists in 
determining the angles by visual investigation of compression and expansion curves. Angle ן୮ୱ is taken to be the 
crank angle for which the plot of subsequent points of the compression curve represented in the ሺ݌ҧሻǡ ሺݒҧሻ 
system on the indicator diagram begins to clearly deviate from a straight line. Angle ן୩ୱ is taken to be the crank 
angle for which the plot of subsequent points of the expansion curve represented in the ሺ݌ҧሻǡ ሺݒҧሻ system on the 
indicator diagram begins to go to a straight line (Fig. 1b).  
The procedure adopted in this paper allowed determining the approximated values of angles ן୮ୱ and ן୩ୱ. For the 
compression process, this procedure involved determining the value of ן୮ୱ, for which the tangent of the straight line 
crossing two neighboring points corresponding to angles ן୮ୱ  and ן୮ୱെ ͳǤͶι  and the slope of the straight line 
determined for all data in the range of crank angles from ן୮ୱto the angle corresponding to the closing of the intake 
valve have values the difference between which is not greater than the value of the adopted criterion: 
௣ҧ൫ן೛ೞ൯ି௣ҧ൫ן೛ೞିଵǡସι൯
௩ത൫ן೛ೞ൯ି௩ത൫ן೛ೞିଵǡସι൯
െ݉௫ ൑ ݇௠ೣ  (4) 
The plot of the compression curve in the logarithmic system for the CAD range 180° – 360° and the range 
obtained based on the procedure described above is shown in Fig. 2. It was assumed arbitrarily that criterion ݇௠௫ ൌ
ͲǤͳ, which corresponds to the slope angle difference of 5.7°. 
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a)   b)  
Fig. 2. Compression curve in the ሺ݌ҧሻ ǡ ሺݒҧሻ system for the diesel-fuelled engine operating at full load and at n = 1600 rpm 
a) the crank angle range from 180° to 360°, b) the range from 180° to ן୮ୱǤ 
The procedure presented in this paper allows both automating the process of calculating the values of exponents 
݉௫ and determining the ranges of the crank angles for which regression models have a lower value of parameter ߪ௘ 
than when the range is determined intuitively. Quantity ߪ௘ is the standard deviation of the experimental values with 
respect to those computed using the regression model, expressed as [7]: 
ߪ௘ ൌ ට
σ ሺ௬೔ି௬ഢෞሻమ೙೔సభ
௡ିଶ   (5) 
where ݕ௜ – actual points obtained from the experiment, నෝ  – points determined based on the regression model. 
 
Another step in this study was to check how the position of the ݌ െ ݒ diagram relative to TDC affects the change 
in the value of calculated exponent ݉௫. Table 2 shows the polytrophic exponents determined for compression at 
different crank speeds. It can be assumed that exponent ݉௫ has a constant value of 1.20, standard deviation ߪ௘ is 
about 0.009. The standard uncertainty of coefficient ݉௫ calculation is about 0.002. Note that the value of standard 
deviation ߪ௘for the crank angle speed of 2000 rpm is higher than in other cases. A detailed analysis conducted for 
this case indicates that the hypothesis about normal distribution of ݉௫ values determined for consecutive working 
cycles can be rejected at a significance level of 0.05. Table 2 also shows the results of the analysis of how the shift 
of the indicator diagram relative to TDC affects the values of the computed exponents of the polytrophic 
compression process. The pressure plot was shifted with respect to the TDC by a magnitude of the angle interval Δα, 
which was used to record pressure ݌௖ (Δα = 1.4°). The values of the determined exponents for compression differ 
from one another depending on the position of the indicator diagram relative to TDC. Relative differences ο݉௫ 
were calculated as follows: 
ο݉௫ ൌ
௠ೣሺןേభǤర೚ሻି௠ೣሺןሻ
௠ೣሺןሻ
ή ͳͲͲΨ  (6) 
The relative differences ranged from -3.7% to +3.8% depending on the rotational speed of the crankshaft and on 
whether the diagram is shifted to the left or to the right. Table 2 summarizes the values of linear correlation 
coefficient  between quantities ሺ݌ҧሻǡ ሺݒҧሻ. Very high linear correlation coefficients were obtained in all cases.  
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Table 2. Values of exponents for polytrophic compression and the effect of the position (Δα = ±1.4°) of the indicator 
diagram relative to TDC on the value of exponents for the diesel-fuelled engine and operating at full load condition. 
n (rpm) 1000 1200 1400 1600 1800 2000 
݉௫ 1.19 1.18 1.22 1.18 1.20 1.20 
ݎ 0.999 0.999 0.999 0.999 0.999 0.997 
ߪ௘ 0.007 0.009 0.009 0.010 0.008 0.028 
ο݉௫ (%) 
Δα = +1.4° -2.03% -2.45% -2.38% -2.89% -2.84% -3.68% 
Δα = –1.4° 2.11% 2.03% 2.13% 2.72% 2.50% 3.76% 
An analogous procedure was followed for expansion. The expansion curve in the ሺ݌ҧሻǡ ሺݒҧሻ system, for the 
diesel-fuelled engine operating at full load and at n = 1600 rpm is shown in Fig. 3. 
a)   b)  
Fig. 3. Expansion curve in the ሺ݌ҧሻ ǡ ሺݒҧሻ system for the diesel-fuelled engine operating at full load condition 
and at n = 1600 rpm a) the crank angle range from 360° to 540°, b) the range from ן୩ୱ to 495°. 
Table 3 summarizes the values of the calculated exponents of the polytrophic expansion process and the 
influence of the indicator diagram shift relative to TDC on the value of the calculated exponents. 
Table 3. The effect of the position of the indicator diagram shift (Δα = ±1.4°) relative to TDC on the values 
of the polytrophic expansion exponent, for the diesel-fuelled engine and operating at full load condition. 
n (rpm) 1000 1200 1400 1600 1800 2000 
݉௫ 1.34 1.33 1.36 1.34 1.34 1.36 
ݎ 0.999 0.999 0.999 0.999 0.999 0.999 
ߪ௘ 0.009 0.008 0.006 0.005 0.007 0.012 
ο୶ (%) 
Δα = +1.4° 2.46% 2.55% 2.51% 2.54% 2.99% 2.51% 
Δα = –1.4° -3.58% -3.08% -2.58% -2.54% -2.39% -2.36% 
It can be assumed that exponent ୶ has a constant value of 1.34, standard deviation ߪ௘ is about 0.008, and the 
standard uncertainty of coefficient ୶  calculation is about 0.002. The values of the calculated exponents of the 
polytrophic expansion process vary with the position of the indicator diagram relative to TDC. These differences 
ranged from about -3.6% to +3.0%. As in the case of compression, standard deviation ߪ௘ had the highest values for 
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n = 2000 rpm. High correlation coefficients confirm the existence of linear dependence ݎ between the variables 
under investigation. 
As follows from the results obtained from the engine operating at full load condition and fuelled with FAME 
biofuel there are no significant differences between the values of polytrophic expansion coefficients for FAME or 
diesel fuelled engines. 
An analogous procedure for determining the exponents of the polytrophic compression and expansion processes 
was used for the data obtained with engine operating at part load condition. Tables 4 and 5 summarize the results. 
Table 4. Calculated exponents and the effect of the indicator diagram position (Δα = ±1.4°) relative to TDC on the exponent 
of the polytrophic compression process for the diesel fuelled engine operating at part load condition and n = 1600 rpm. 
Ne (kW) 8 12 16 20 
݉௫ 1.22 1.22 1.22 1.22 
ݎ 0.999 0.999 0.999 0.999 
ߪ௘ 0.010 0.009 0.009 0.009 
ο݉௫ (%) 
Δα = +1.4° -2.54% -2.37% -2.21% -2.47% 
Δα = –1.4° 2.30% 2.21% 2.53% 2.39% 
The exponent ݉௫ has a constant value of 1.22. From Table 4 it follows that the values of calculated polytrophic 
exponents for compression change from -2.2% for the shift of Δα = +1.4o crank angle to 2.4% for the shift of 
Δα = -1.4° crank angle. Standard deviation ߪ௘ and standard uncertainties of polytrophic exponent calculation have 
similar values in all cases investigated. Also, in all cases the high value of correlation coefficient confirms the 
existence of linear dependence between the variables analyzed. 
It can be assumed from Table 5 that exponent ݉௫ has a constant value of 1.41. The values of the calculated 
exponents of the polytrophic expansion process vary with the position of the indicator diagram relative to TDC, the 
change in exponent ݉௫  was from -3.4% to 3.6%. Standard deviation ߪ௘  and standard uncertainties ݑ௠  of the 
polytrophic exponent calculation have similar values in all cases investigated. 
Table 5. Calculated exponents and the effect of the indicator diagram position (Δα = ± 1.4°) relative to TDC on the exponent 
of the polytrophic expansion process for the diesel fuelled engine operating at part load condition and n = 1600 rpm. 
Ne (kW) 8 12 16 20 
݉௫ 1.45 1.42 1.40 1.39 
ܴ 0.999 0.999 0.999 0.999 
ߪ௘ 0.008 0.008 0.008 0.007 
ο݉௫ (%) 
Δα = +1.4° 3.59% 3.39% 2.57% 2.52% 
Δα = –1.4° -2.42% -3.39% -2.43% -3.17% 
These values remain at the same level as for the compression process. Also, in all cases the high value of 
correlation coefficient confirms the existence of linear dependence between the variables analyzed. 
4. Conclusion 
Proposed in this paper approach to determining approximate angle values of the start and end of the combustion 
process allows automating the procedure for polytrophic exponent calculation. This approach also helps find crank 
angle ranges for which regression models have lower values of parameter ߪ௘  than in the range determined 
intuitively. High correlation coefficients confirm linear dependence  between the variables analyzed. 
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The results of the analyses indicate that at full loads and various crank angle speeds, the values of polytrophic 
exponents are constant, with about 1.20 for the polytrophic compression process and about 1.34 for the polytrophic 
expansion process. There are no significant differences between the values of polytrophic coefficients for FAME or 
diesel fuelled engines operating at full load condition. 
The values of the exponents can also be taken to be constant for various crank angle speeds at part load, with 1.22 
for the polytrophic compression process and 1.41 for the polytrophic expansion process. In all cases investigated, 
standard deviation of the polytrophic exponent was about 0.008.  
It should be noted that the value of standard deviation of the polytrophic compression exponent determined for 
the full load and the crank angle speed of 2000 rpm is higher than in the other cases. A detailed analysis conducted 
for this particular case allowed rejecting the hypothesis that the distribution of exponent values determined for 
consecutive engine working cycles is consistent with normal distribution at the significance level of 0.05. 
The position of the indicator diagram relative to TDC affects the values of exponents in polytrophic compression 
and expansion equations. Maximum percent values of the exponents are within the interval between -4% and +4%. 
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